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Abstract Surface modified fluorescent silica nanoparticle derivatives (Ru@SNPs), namely, glucose

(Glu) and glucose-poly (ethylene glycol) methyl ether amine (Glu-PEG) coated SNPs were designed

and tested for their ability to penetrate the blood-brain barrier (BBB) in mice brain. The new

obtained nanoparticles were characterized by field emission scanning electron microscope (FE-

SEM), dynamic light scattering (DLS) and Fourier transform infrared (FTIR-ATR) analysis.

The BBB penetration and distribution of tailored SNPs in mice brain were examined using confocal

laser scanning microscopy (CLSM), flow cytometer (FACS) and transmission electron microscopy

(TEM). The promising results obtained by in vivo experiments, point out that silica nanoparticle

derivatives are an efficient permeable delivery vehicle that are able to cross the BBB and reach

the brain tissues via specific and non-specific mechanisms. These findings will enrich the knowledge

to rationally engineer multifunctional nanoparticles, and bring new insights into BBB permeability.
� 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The blood-brain-barrier (BBB), a dynamic and extremely com-
plex interface between the blood and the central nervous sys-
tem (CNS), is composed mainly of endothelial cells, from the

brain capillaries united by tight junctions, luminal glycocalyx,
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basal lamina and astrocytic foot processes (Das et al., 2016).
The endothelial cells of the brain microvessel display impor-
tant morphological characteristics, such as the presence of

tight junctions between the cells, the absence of fenestrations
and a diminished pinocytic activity. Together it controls the
passage of molecules from the circulatory system into the

brain, protecting it from the invasion of various harmful com-
pounds (Gomes et al., 2016). The complex tight junctions of
the cerebral endothelium form also a continuous lipid layer

that allows passage of only small, electrically neutral, lipid-
soluble molecules. In addition, the endothelial cells possess
extremely efficient efflux transporters that pump back into
the blood stream most of the drug molecules by ATP binding

cassette C1 (ABCC1) and ABCB1 (known also as p-
glycoprotein) present in the luminal plasma membrane of
brain microvessel endothelial cells (Abbott et al., 2006;

Barua and Mitragotri, 2014). Under normal conditions, the
BBB acts as an impermeable membrane to toxic agents that
defends the integrity of the brain, but also obstructs the deliv-

ery of diagnostic and therapeutic agents to the brain (Singh
et al., 2017).

According to previous research efforts available in the liter-

ature, several strategies have been developed to circumvent the
BBB and to deliver drugs to the brain, including invasive and
non-invasive techniques, such as disruption, direct administra-
tion of drugs by intraventricular infusion and intracerebral

implants, BBB opening via ultrasound and electrical stimula-
tion, inhibition of efflux transporters, osmotic opening of the
BBB, prodrugs, etc. (Kanwar et al., 2012; Singh et al., 2015).

All the proposed techniques are constrained by the limitations
of this impermeable membrane barrier to conventional drug
delivery systems such as tight capillary endothelial cells,

enzyme clusters, the existence of efflux pumps receptors and
transporters (Alexa et al., 2015; Cupaioli et al., 2014; Liu
et al., 2014). However, the development of revolutionized

delivery and diagnostic agents with rational features that will
allow easy cellular permeation and controlled drug release still
remains a crucial task for neurological pathologies (Chen and
Liu, 2012; Fiandra et al., 2015).

One of the few possibilities to introduce into the brain
drugs that would normally not be able to cross the BBB is
the design of advanced targeted nanocarriers (Lalatsa and

Barbu, 2016; Saraiva et al., 2016). Ideally, a balanced design
of the nanocarrier should certify biocompatibility, a long cir-
culation time in the bloodstream and ability to target the

endothelial cells of the brain capillary, generating a local phar-
macological action, with decreased side effects, a typical draw-
back of current therapies (Balan and Verestiuc, 2014;
Mangraviti et al., 2016).

In the last decade, nanoparticles have received great atten-
tion over the usual strategies regarding transportation of drugs
through BBB due to their versatile architecture, size, shape,

flexibility, chemical surface features, as well as their stability,
biodegradability, biocompatibility and biodistribution
(Bharadwajet al., 2018; Silva, 2008; Toman et al., 2015).

It has been shown that the material features, as well as
nanoparticle size (Fornaguera et al., 2015) and surface modifi-
cations, among other factors, affect their mode of internaliza-

tion by the endothelial cells of the brain microvessels and
thereby, their subcellular fate and potential of crossing the
epithelial cells of the BBB (Georgieva et al., 2014; Hanada
et al., 2014).
The recent literature data reports several types of NPs
which easily pass and transport drugs through BBB. For
instance, a study of the transport efficiency of fluorescent poly-

butylcyanoacrylate (PBCA) NPs over the BBB in animals
showed that successful passage was achieved if NPs were fab-
ricated with non-ionic surfactants or cationic stabilizers, con-

cluding that the particle surface is the key factor determining
BBB penetration. Neither the size nor chemo-electric charge
of the NPs had any influence on BBB passage (Voigt et al.,

2014). Also, Jose et al. (2014) reported that polysorbate 80 sur-
face modified poly (lactic-co-glycolic acid) (PLGA) nanoparti-
cles could be successfully developed for the brain delivery of
neuroprotective drugs in the treatment of neurodegenerative

disorders. The spherical-shapped PLGA nanoparticles coated
with 1% polysorbate 80 were able to deliver 10-fold more
Bacoside-A into the brain when compared to the free drug

solution.
Compared with the above nanocarriers, silica nanoparticles

(SNPs) are of great interest due to their versatile properties,

such as relatively low cost production, high loading capability,
large surface area and multifunctionalized anchoring features
using different moieties, specifically, polyethylene glycol,

amine, carboxyl or vinyl, rendering them useful for drug-
delivery applications (Feng et al., 2016). Previous research
studies focused on conjugating drug molecules to brain-
specific transporters, namely, glucose, oligonucleotides, amino

acids, PEG, that will enhance their penetration into the BBB,
improve the plasma residence time and reduce clearance by the
reticulo-endothelial system (RES). For example, Ku et al.

(2010) synthesized PEGylated fluorescein-doped magnetic
SNPs and evaluated their ability across the BBB and distribu-
tion in rat brain. The authors demonstrated that PEG mole-

cule attached to the SNPs determined the penetration of the
BBB and distribution inside the cytoplasm of vascular
endothelial cells, the foot processes of astrocytes, and more

important inside the cylindraxile of neurons. Liu et al. (2014)
investigated the transport of SNPs through the BBB with a
special interest on particle size. The authors evaluated
in vitro and in vivo PEGylated SNPs of three different sizes,

namely, diameters of 100, 50, and 25 nm. The results indicate
that PEG-SNPs transport efficiency and brain uptake increases
when the particle size decreases. Even though, an ideal mole-

cule has not yet been designed, significant research has been
done to personalize nanotechnology delivery strategies for
crossing the BBB (Caruso et al., 2011).

Taking into consideration the above mentioned potential
solutions and current drawbacks, the main objective of this
study was to design new brain ‘‘tailor-made” nanoparticles
and evaluate them in vivo on experimental mice across the

BBB at the cellular and subcellular level using specific tech-
niques. To the best of our knowledge, this strategy has not
been yet reported in the literature.
2. Material and methods

TEOS (tetraethyl orthosilicate), florescent dye Ru(bpy)3Cl2
(tris (bipyridine) ruthenium (II) chloride) (Ru), 3-
(triethoxysilyl) propyl isocyanate (TESPIC), glucose (Glu),
poly(ethylene glycol) methyl ether amine (PEG-NH2), Triton

X100, n-hexanol, cyclohexane, aqueous ammonia solution
(NH3, 28–30%), and ethanol (>99.9%) from were acquired
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from Sigma Aldrich. All solutions were prepared with ultra-
pure water (18.2 MX�cm).

The fluorescent [Ru(bpy)3]Cl2 dye marker was entrapped in

SNPs in order to visualize and monitor the nanoparticles that
cross the BBB.

Three types of SNPs derivatives were synthesized and used

for in vivo evaluation, as follows:

– Batch Ru@SNP: fluorescently labeled mono-shell silica

nanoparticles were prepared by the reverse microemulsion
method previously described in another paper (Legrand
et al., 2008). Typically, in a mixture of Triton X100 (2.92
mM, 2.04 equiv.), n-hexanol (1.43 mM, 1 equiv.) and cyclo-

hexane (69.4 mM, 48.5 equiv.), 100 mL of an aqueous solu-
tion of [Ru(bpy)3]Cl2 (1.34 mM) was added. After
magnetically stirring the mixture for 30 min, TEOS (0.45

mM, 0.32 equiv.) was added, followed by 60 mL of ammo-
nia. The reaction was allowed to proceed for 24 h, then 10
mL of acetone were added to break down the microemul-

sion; the colloidal silica nanoparticles were isolated via cen-
trifugation and washed several time with ethanol and water.

– Batch Ru@Glu-SNP: the glucose-coated silica nanoparti-

cles were obtained using 50 mg of Ru@SNP suspended in
10 mL of ultrapure water under sonication. To this suspen-
sion, 15 mL of (3-(triethoxysilyl) propyl isocyanate were
added dropwise under stirring at room temperature. The

stirring was continued overnight. The isocyanate-
functionalized fluorescent Ru@SNP were collected by cen-
trifugation and washed with water several times to remove

the unreacted species. The colloidal nanoparticles were
dried at 60 �C under low pressure and then immersed into
10 mL of aqueous glucose solution (5 mg/mL) and stirred

for 6 h. The glucose coated Ru@SNP were isolated and
kept for further steps.

– Batch Ru@Glu-PEG-SNP: the PEGylated glucose-coated

SNPs were obtained using the same procedure as for the
preparation of Ru@Glu-SNP, except that the glucose solu-
tion was mixed with 100 mL of PEG-NH2 before immer-
sion of fluorescently labelled nanoparticles.

Characterization of the SNP derivatives: FE-SEM experi-
ments were carried out at an accelerating voltage of 20 kV

on a field emission scanning electron microscope (FE-SEM,
Zeiss, SUPRA VP 40). Samples suspended in ultrapure water
(1 mg/mL) were deposited on freshly cleaved mica surface,

dried and gold/palladium coated. Determination of nanoparti-
cles size, and polydispersity index were performed using a
Zetasizer (Zetasizer Nano ZS, Malvern Instruments). The sam-
ples were dispersed in physiological media and measured at a

scattering angle of 90� and 25 �C. Qualitative chemical compo-
sition assessment of composite particles was performed by
FTIR-ATR analysis (Frontier, Perkin Elmer).

Experimental animals: All animals experimental procedures
employed in the present study were strictly in accordance with
the European Community Guidelines regarding ethics and

approved by ‘‘Grigore T. Popa” University of Medicine and
Pharmacy animal care and use committee (No.610/06.01.
2017). The animal breeding facility supplied adult male Swiss

mice with an average weight of 20 g ± 2 g. The animals were
housed in a temperature-controlled room (21 �C ± 2 �C) with
a 12/12 h light/dark cycle, 4 mice per cage, and allowed to
acclimate for at least 24 h before use, and given food and water
ad libitum.

Qualitative cellular uptake analysis by confocal microscopy:

Fluorescent silica nanoparticle derivatives (batches Ru@Glu-
SNP and Ru@Glu-PEG-SNP) (1 mg/1 mL in 10% glucose
solution, sonication for 30 min) were administered intraperi-

toneally (0.2 mL/mouse) to test group of 6 mice. The control
group (6 animals) received a similar volume of glucose solu-
tion. At 1 h after administration the mice were deeply anes-

thetized with xylazine and transcardially perfused with 15
mL 0.9% saline solution, followed by fresh 4% paraformalde-
hyde (PFA) in 75 mL 0.1 M PBS. The whole brain was
extracted and post-fixed overnight in 4% PFA, followed by

cryoprotection in 30% sucrose in PBS for 72 h. Coronal sec-
tions of the above mentioned organ were cut using a freezing
microtome (CM 1850 Leica Microsystems, Germany), col-

lected and mounted on slides and examined in a Leica Confo-
cal Laser Scanning Microscope (TCS SPE DM 5500Q), using a
laser diode (480 nm excitation and 610–630 nm emission).

Brain uptake study by flow cytometer analysis: Fluorescent
silica nanoparticles (batches Ru@Glu-SNP and Ru@Glu-
PEG-SNP) were suspended at a concentration of 1 mg/mL in

10% glucose solution and sonicated for 30 min. After ultrason-
ication, the nanoparticle suspensions were administered
intraperitoneally (0.2 mL/mouse) to a test group of 6 mice.
The control group (6 animals) received a similar volume of glu-

cose solution. In order to remove the circulating nanoparticles,
transcardiac perfusion with Ringer solution was performed
and within 1 h after nanoparticles administration, the brains

where harvested. The mice were deeply anesthetized with xyla-
zine and sacrificed. The brain tissues were homogenized using
mechanical processing and incubated for 30 min with 2 mL cell

lysing solution (radioimmunoprecipitation assay (RIPA) buf-
fer that contains 50 mM TRIS, 150 mM NaCl, 1% Triton
X-100, 0.5% sodium deoxycholate and 0.1% SDS). Brain tis-

sues samples were centrifuged (15000 rpm, 5 min) and the
supernatants (1 mL/sample) were removed, diluted with 1
mL distilled water, and analysed by flow cytometer using a
FACS Canto II machine (BD Bioscience). The SNPs were

detected based on their fluorescence properties using a 488
nm/670 nm LP PMT detector. Dual dot plots depicting char-
acteristics of red fluorescence versus side scattered light for

nanoparticles (batches Ru@Glu-SNP and Ru@Glu-PEG-
SNP), brain control samples and brain samples injected with
the nanoparticles are presented.

Transmission electron microscopy of brain tissue sections: To
determine the localized biodistribution of nanoparticles in
brain tissues, the sections were examined by TEM (Zeiss
EM- 900, resolution of 0.5 nm) operating at 80 kV. Brain tis-

sues were excised at 1 h after SNPs administration (batch
Ru@Glu-PEG-SNPs), harvested, fixed in glutaraldehyde and
post-fixed in osmium tetroxide. After dehydration, tissue sam-

ples were embedded in Epon. Ultrathin sections were mounted
on copper grids and stained with uranyl acetate and lead
citrate and examined by TEM.
3. Results and discussion

This study aimed to design different types of SNP suitable for

intraperitoneal administration and for BBB targeting. The
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nanoparticles had to accomplish several requirements, such as
nanometric size (below 1 lm) to avoid embolization, stability
after reaching the target site, and physicochemical properties

that facilitate their BBB passage. The production of brain
‘‘recognizing” nanoparticles with effective targeting through
surface modification revolutionizes modern therapeutics due

to the possible preferential recognition of specific cells, facili-
tating binding and affinity-based endocytosis (Craparo et al.,
2011). This has been accomplished using a low-cost, low-

energy, improved approach, not yet used in the context of
BBB permeability research: reverse emulsion pattern of silica
shell well known to provide good biocompatible, non-toxic
coating as well as a hydrophilic surface. The production of

the tailored surface SNPs via a multistep procedure is illus-
trated in Fig. 1, which involves synthesis of fluorescent SNPs,
glucose deposition and PEG-functionalization onto the silica

surface. In detail, first, fluorescent mono-shell silica nanoparti-
cles were successfully synthesized by a slightly modified water-
in-oil microemulsion procedure as reported in a previous paper

regarding batch Ru@SNP (Legrand et al., 2008). The silanol
group on the SNPs can be easily modified to link bioconjuga-
Fig. 1 Synthesis strategy for Ru@SNPs, R
tors by different methods with specific biofunctionalities.
Therefore, we systematically changed the surface chemistry
of the obtained nanoparticles by the introduction of isocyanate

groups in the second shell-growth (Ru@Iso-SNPs), followed
first by glucose coating for increased binding affinity with dif-
ferent cell surfaces (batch Ru@Glu-SNP). Secondly, the SNPs

were reacted with glucose and PEG to produce a biologically
functionalized surface of the multi-shell nanoparticles (batch
Ru@Glu-PEG-SNP). Previous research reports presented that

SNPs modified with PEG can enhance the plasma residence
time and reduce clearance by RES, increase the endothelial
permeability of NPs and thus facilitate their BBB passage
(Chen and Liu, 2012).

Physical characterization of SNPs obtained under a variety
of conditions was performed by using FE-SEM, presented in
Fig. 2 through a series of images. As revealed in this figure

the nanoparticles exhibited sphere-shaped features with uni-
form size and smooth exterior. Fig. 2A shows the typical sur-
face structure of unmodified Ru@SNPs with a diameter of

approximately 70 nm, the tendency to form ‘‘grape-like mor-
phology” in dry-state, as a result of the Van der Waals and
u@Glu-SNPs and Ru@Glu-PEG-SNPs.



Fig. 2 SEM micrographs of A. Ru@SNPs produced without surface modification, B. glucose modified particles (Ru@Glu-SNPs) and

C. PEG-modified particles (Ru@Glu-PEG-SNPs).
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other inter-particle forces closely correlated with the very high
surface area to volume ratio. This type of behaviour was
expected from the synthetic method, where the probability of

the growing nanoparticles contacting each other is relatively
low. After the second shell addition (batch Ru@Glu-SNP),
the geometry of the particles was not altered, glucose had no

influence on the SNPs size. Fig. 2B shows that the nanoparti-
cles are not bridged, and we believe that the bulk of the mate-
rial is in this form. Some interesting features were observed on

the third SNPs category, batch Ru@Glu-PEG-SNP (Fig. 2C),
where the nanocarriers have the tendency to form highly
ordered two-dimensional arrays on mica, closely resembling
a triangle close packing. The diameter was estimated to be also

around 70 nm.
These types of conformation rise out the question: whether

such aggregated structures are formed also in physiological flu-

ids, since, aggregation might drastically affect their capacity to
cross BBB. It is well known that the brain uptake increases
when particle size decreases, therefore, the size distribution,

zeta potential and polydispersity index in physiological media
of the synthesized nanoparticles were determined. In agree-
ment with FE-SEM results, dynamic light scattering measure-
Fig. 3 Size distribution, zeta potential and polyd
ments evidenced (Fig. 3) the hydrodynamic diameter when
dispersed in physiological solution with values in the range
of 60–80 nm. In contrast with FE-SEM, the characterization

of the hydrodynamic properties does not show agglomerates
for these samples under physiological conditions, suggesting
that only dry preparation of colloidal samples induces aggre-

gations. The larger diameter of the bare Ru@SNPs might be
explained by the polydispersity of the sample and indirectly
confirms the presence of small aggregates formed in the pres-

ence of physiological media due to particles highly polar beha-
viour. In the presence of glucose, the Ru@Glu-SNPs tended to
stabilize at 71 nm and this suggests that the added thin layer
modulates the silica surface. However, after the addition of

PEG to the SNPs surface (Ru@Glu-PEG-SNPs) a steady state
was established, the mean particle diameter and polydispersity
were constant, mainly due to the fact that PEG remains the

most important factor for steric colloidal stability (Rabanel
et al., 2014).

The zeta potential measurements were performed in order

to evaluate the surface properties of the produced SNPs. As
expected, Ru(bpy)3

2+-doped silica (Ru@SNPs) showed nega-
tive zeta potential values (�26.1 mV) due to the silanol groups.
ispersity index of Ru@SNPs and derivatives.
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Upon reaction with glucose, the zeta potential reached a neg-
ative value of -37 mV, which is attributed to the abundant
hydroxyl groups which belong to glucose moieties on the

nanoparticle surface. The introduction of PEG on SNPs sur-
face determined a less negative value (�29.3 mV) which could
be explained by the fact that, the additional PEG layer shields

the underlying negative charges. The results obtained clearly
indicated that the particles are fairly stable due to the electro-
static repulsion.

Surface chemistry (FTIR-ATR) analysis evidenced the for-
mation of Ru@SNPs and the following derivatives, namely
glucose modified particles (Ru@Glu-SNPs) and PEG-
modified particles (Ru@Glu-PEG-SNPs) in the range of

400–4000 cm�1. As can be seen in Fig. 4, pure doped silica par-
ticles (Ru@SNPs) possess characteristic peaks attributed to
Si–O–Si bending (468 cm�1), Si–O–Si symmetric stretching

(802 cm�1), external Si–OH groups (951 cm�1), Si–O–Si asym-
metric stretching (1095 cm�1), –OH stretching (3468 cm�1)
and the characteristic absorption of Ru(bpy)3Cl2 molecules

retained by siliceous materials (1629 cm�1) (Zhou et al.,
2013). The intermediate step represented by the efficient reac-
tion between surface silanol and isocyanate groups was evi-

denced by ATR peaks related to isocyanate chains (2227
cm�1). After modification with glucose, the SNPs still retained
its siliceous structure, displaying no major changes in the for-
mation of Ru@Glu-SNPs. The interaction of Ru@Iso-SNPs

with glucose and PEG-NH2 products was also confirmed by
Fig. 4 Fourier transform infrared s
ATR spectra (Fig. 4). Intense absorptions are observed at
1061, 1353, 1446 and 2369 cm�1. The IR band at 1061 cm�1

is characteristic to the C–O stretching mode, 1456 and 1353

cm�1 bands due to C–H bending and 2369 cm�1 for the C–
H stretching of the PEG chains (Ru@Glu-PEG-SNPs).

3.1. In vivo transport of SNPs across BBB

The BBB is an anatomic barrier developed to limit the penetra-
tion not only of harmful substances but also of drugs and

other pharmacological compounds. Different research groups
mentioned a variety of pathways for BBB penetration (Voigt
et al., 2014). Crossing the BBB is based on both specific and

nonspecific interactions between molecules and the BBB, on
their receptor or absorptive mediated transcytosis by endothe-
lial cells, opening of the tight junctions and inhibition of the
transmembrane efflux systems, as well as other transcellular

transport processes: paracellular or carrier-mediated transport
(Grover et al., 2013). Given the presence of this complex selec-
tive network, the development of ‘‘tailor-made carriers” that

can cross the BBB and efficiently deliver drugs to specific areas
represent a vast achievement towards brain research.

Successful passage across the BBB was achieved with glu-

cose and PEG coated nanoparticles via intraperitoneal route.
To confirm the transport of SNPs with different surface chem-
istry (glucose modified nanoparticles (Ru@Glu-SNPs) and
PEG-modified nanoparticles (Ru@Glu-PEG-SNPs)) across
pectra for Ru@SNPs derivatives.
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the BBB, the animals were further analysed by confocal micro-
scopy. The results of the mice brain biodistribution are shown
in Fig. 3, as indicated by the fluorescence signal of Ru(bpy)3Cl2
entrapped into the administrated SNPs. Biodistribution stud-
ies revealed that the Ru@Glu-SNPs and Ru@Glu-PEG-
SNPs exhibited a significant uptake in the brain region when

compared with the control brain (Fig. 5A) or control SNPs
(Fig. 5B and C) at 1 h post-administration. These results
depicted in Fig. 5D and 5E illustrate the fluorescence emitting

distribution of the administrated nanoparticles in the brain
coronal section.

In the case of PEGylated nanoparticles (Ru@Glu-PEG-
SNPs), the fluorescence signal of Ru(bpy)3Cl2 dye from the

brain 1 h post-injection was greatly increased with an obvious
distribution, indicating that PEG modified glucose-SNPs have
higher transport efficiency across the BBB than glucose SNPs.

It is well known that the mechanisms underlying BBB passage
may depend on various factors, namely, size, electric charge,
surface molecules, and specific interactions with the endothe-

lial cells. Therefore, the higher permeability of the PEG-
modified NPs could be explained by the different surface-
charge according to Hanada et al. (2014) that specifies that

the cationic amino-NPs tend to be transported onto the baso-
lateral side through the BBB model with higher permeability
than anionic carboxyl- or neutral NPs. In our study, the
PEG amino SNPs (batch Ru@Glu-PEG-SNPs) probably

interact with the cell anionic phospholipidic surface and were
transported through the BBB by paracellular pathway. Also,
it has been assumed that SNPs adsorb apolipoprotein E

(apoE) transporters in plasma onto their surfaces and cross
the BBB via receptor-mediated transcytosis (Koffie et al.,
2011) due to their biodegradability and surface moieties. Tran-

scytosis in endothelial cells starts with internalization of SNPs
Fig. 5 Confocal fluorescence images of: A. Brain Control, 10 � 20; B

10 � 20; C. Control solution of PEG-modified particles (Ru@Glu-PE

Brain mice with Ru@Glu-PEG-SNPs; 10 � 20.
into the cells by vesicular carriers, then subsequently processed
via different pathways to appropriate intracellular organelles
and recycled, degraded, or transcytosed to the contralateral

side.
The BBB also holds a number of transport proteins, such as

the glucose transporter (GLUT) essential for the permeation of

nanocarriers. Therefore, we assume that the glucose modified
SNPs were recognized by the GLUT protein and transported
into the brain endothelium through carrier-mediated trans-

port. The role for GLUT in the transport of the nanoparticles
across the BBB was confirmed in a previous study by Jiang
et al. (2014) where glucose-modified paclitaxel-loaded poly-
meric nanoparticles were successfully employed in the treat-

ment of intracranial glioma in mice.
Based on the data discussed in the present work, we can

consider that SNPs drug delivery systems for the brain act like

‘‘Trojan horses”, and therefore, reflect the existence of a novel
vehicle technology for the BBB permeability (Wohlfart et al.,
2012).

3.2. Flow cytometry for in vivo uptake evaluation

To further quantify the brain cells which internalized the

nanoparticles, we performed flow cytometry on homogenized
brain tissue samples 1 h after administration. Flow cytometry
allowed us a rapid, multiparametric analysis with robust statis-
tics due to large number of events measured in 3D. By using

fluorescently labelled nanoparticles it was possible to qualify
and semiquantify their internalization in brain tissues by
FACS (Fluorescence-activated cell-sorting). Therefore, in the

dot plots, X-axis reflects the fluorescence intensity in logarith-
mic scale, and Y-axis corresponds to the side scatter (SSC-A)
intensity in linear scale. Fig. 6 presents FACS analysis of the
. Control solution of glucose modified particles (Ru@Glu-SNPs),

G-SNPs), 10x20; D. Brain mice with Ru@Glu-SNPs, 10 � 20; E.



Fig. 6 FACS analysis of: A. Brain Control, 10 � 20; B. Control solution of glucose modified particles (Ru@Glu-SNPs), 10 � 20; C.

Control solution of PEG-modified particles (Ru@Glu-PEG-SNPs), 10 � 20; D. Brain mice with Ru@Glu-SNPs, 10 � 20; E. Brain mice

with Ru@Glu-PEG-SNPs; 10 � 20.
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brain control sections, control solution of the tested SNPs and
brain sections containing SNPs. The fluorescence emissions

from the SNPs are shown in red. As depicted in Fig. 6A, the
FACS analysis measured the level of auto fluorescence of
approximately 0.01% for the brain control sections. FACS

analysis of fluorescently labelled SNPs (batches Ru@Glu-
SNPs and Ru@Glu-PEG-SNPs) as presented in Fig. 6A and
6B, revealed significant fluorescence intensity of about
98.10% and 99.11%, respectively, and were considered as

100% controls.
In the subsequent experiments the uptake efficiency of

both, unmodified (Ru@Glu-SNPs) and PEG-SNPs

(Ru@Glu-PEG-SNPs), was compared after 1 h of administra-
tion. The internalized SNPs in the brain tissues displayed in
FACS analysis dotted fluorescence of significant magnitude

of about 1.41% and 1.60%, respectively, when compared to
the control sections. The brain uptake of PEG modified SNPs
increased over 0.8-fold in comparison to glucose coated SNPs,

probably to the surface features known to enforce cell adhe-
sion and cellular uptake (Langiu et al., 2014). We assume that
one possible mechanism for the uptake of glucose coated SNPs
occurs via an active absorptive-mediate endocytosis together

with GLUT protein-carrier-mediated transport, processes that
cannot be completely excluded for the PEG-amino functional-
ized SNPs. Due to the positive charge of PEG surrounding

molecule, the nanoparticles are able to cross the BBB also
through microvascular transport proteins interactions, such
as apoE and the low density lipoprotein (LDL) receptor-

mediated pathway as previously discussed (Gref et al., 2000).
Therefore, the significant level of multi-shell SNPs reaching
Fig. 7 TEM representative omicrographs of brain sections sacrifice

SNPs).
the brain demonstrates the high penetration rate of it through
BBB.

3.3. TEM

Ultra-thin sections of mice brains were examined by TEM

after nanoparticles administration in order to further confirm
the SNPs penetration across the BBB and to investigate their
distribution in cerebral tissues. The Ru@Glu-PEG-SNPs were
chosen for the TEM visualization due to their higher uptake

rate according to the biodistribution studies discussed in the
previous section. The acquired TEM images confirmed that
the SNPs crossed the BBB and were present in different parts

of the brain at the observed time point (1 h post-
administration) (Fig. 7). According to the obtained images,
the PEGylated SNPs reached the cytoplasm of vascular

endothelial cells, the astrocytes and probably the neurons in
the cerebral parenchyma, also visualized by Ku et al. (2010).
Fig. 7 shows also the integrity of the endothelial junction

and membrane, therefore the BBB was surmountable probably
by transcytosis of vascular endothelial cell. However, the real
challenge lies in how surface moieties have the possibility of
BBB disruption for an effective targeting (Ku et al., 2010;

Poduslo and Curran, 1996).
Also, the ultrastructural localization and morphology of

SNPs were visualized by TEM observation. Fig. 5 shows

Ru@Glu-PEG-SNPs (in dark) surrounded by light brain cells.
The spheres visualized in Fig. 7 ranged from 50 to 100 nm in
diameter with several areas of agglomeration of approximately

500 nm in diameter, indicating a multi-level self-arrangement
d 1 h post-injection with PEGylated SNPs (batch Ru@Glu-PEG-
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of PEGylated SNPs due to the interactions with the proteins
present in the nervous system, also observed in a previous pub-
lished paper (Rocha et al., 2011).

4. Conclusions

The findings in this work points out the potential application

of nanosized engineered SNPs derivatives in the delivery of
therapeutic agents across the BBB. Spherically shaped with
smooth surface SNPs of about 70 nm determined by FE-

SEM analysis were successfully synthesized by reverse
microemulsion method followed by glucose and PEG-NH2

molecules surface anchorage. The presence of both glucose

and PEG-amino moieties on the nanoparticle’s surface pro-
moted their uptake by brain cells in different percentages.
The Glu-SNPs and Glu-PEG-NH2-SNPs administered

intraperitoneally passed the BBB, and entered the cytoplasm
of vascular endothelial cells, as depicted by the biodistribution
studies, flow cytometry analysis and subcellular TEM micro-
graphs. The mechanism for the brain uptake of the nanoparti-

cles appeared to be receptor-mediated endocytosis by the
endothelial cells of the brain capillary followed by transcytosis
and ApoE, LDL and GLUT transporters support. This paper

opens new opportunities of applying these innovative nanove-
hicles for drug delivery and imaging for brain diseases due to
their versatile functions of linking different molecules to the

same core. Further studies will be performed in order to under-
stand and clarify the mechanisms which control the carrier-
mediated transport of the multifunctional SNPs to the brain.

Limitations and implications: in order to ensure that the

authors provide accurate context for the present work and give
reader’s sufficient information to properly evaluate the rele-
vance and impact of the positive obtained results, possible

identified limitations are included. These are the study design
of the SNPs with the limitation being developed only on mice
and statistical or data limitations in accordance with the ethi-

cal committee to use a limited number of animals.
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